This work has demonstrated coaxial electrospun polymeric sheath fibrillar structure as useful tool for hosting chemical reactions within confined volume and potential templating material for the synthesis of extended onedimensional structures. In addition, this work has successfully demonstrated the novel production of micron sized epoxy fibers via coaxial electrospinning. Epoxy monomer fluids were polymerized within the polyamide 6/6 (PA 66) sheath structures and upon removal of PA 66, long continuous epoxy fibers were revealed.
Introduction
Electrospinning is polymer processing technique commonly used to produce fibers with diameters ranging from a few microns to tens of nanometers. The process is relatively easy to implement and the major components of a typical electrospinning setup consist of a high power voltage, a spinneret hosting a capacity of polymer solution and a counter electrode which acts as collector for the deposited fibers. When sufficiently strong electric field is generated near the tip of the spinneret, the electrically charged polymer solution which is suspended at the orifice of the spinneret deforms into a Taylor cone shape. The charged jet which is emanated from the tip of the cone follows a loop-like path towards the grounded electrode and during its transition from the spinneret to the electrode; the volatile organic solvents in the solution evaporate from the jet's surface, solidifying the jet into fine micron and nanometer-sized polymer fibers upon deposition [1, 2] .
To fabricate bicomponent electrospun fibers with core/ sheath structures, Sun et al used a modified spinneret for their electrospinning process [4] . The spinneret is composed of two coaxially aligned capillaries with each capillary supplied with a different fluid. Fig. 1 shows the schematic diagram of a typical coaxial electrospinning setup. The authors demonstrated that polymeric fluids which are nonspinnable or of poor spinnability with single spinneret electrospinning process can be encapsulated or entrained within the sheath fluid to form continuous fibrillar structures and the concept was supported and further demonstrated by a few other research groups [5] [6] [7] . Hollow fibers and particles based on coaxially electrospun structures were later developed and demonstrated by authors like Li et al and Loscertales et al [8] [9] [10] [11] [12] [13] .
This present study takes a step further to demonstrate coaxial electrospinning as not just a method to obtain bicomponent core/sheath fiber structures with material poor electrospinnability, but as an efficient method to construct confined long cylindrical structures which can act as hosts or templates for fluidic precursors, similar to that of the channels found in alumina templates [14, 15] . In this work, epoxy is used as the model material and the polymerization process was carried out within the core interior of the coaxially electrospun structures. Similar to industrial molding of epoxy resin, the rigid sheath structures function as the mold or template for the resin to be cured. It should be highlighted that limited investigations have been reported with regards to the electrospinning of epoxy fibers. One of the anticipated difficulties associated with the electrospinning of epoxy lies in the inability of the electrified fluid jet to retain its rigid shape upon deposition onto the grounded electrode. Unlike the charged conventional polymer solution jet obtained during electrospinning process, the epoxy fluid jet is not able to solidify to form a stable structure, remaining in a wet and gelated state.
Experimental

Materials and Preparation
To prepare polymer solutions for the sheath component, polyamide 6/6 (PA 66) and poly(methyl methacrylate) (PMMA) were used. PA 66 was purchased from Sigma Aldrich (Grade: 42171) with relative viscosity of 230-280 and melting point of 250-260 ºC as reported by the manufacturer. PMMA, on the other hand, was received from Kuraray (GF Grade) with reported melt flow rate (MFR) of 15 g/10 min as evaluated by the conditions stated under ISO 1133. PMMA was dissolved at 20 wt% with a mixture of chloroform and dimethylacetamide (DMAc) in the ratio of 3:1. PA 66 was dissolved in hexafluoroisopropanol (HFIP) at 5 wt%.
The epoxy resins used are Epomount Grade 27-771 from Refinetec and Japan Epoxy Resin Grade 828. Epomount Grade 27-771 is room temperature curable epoxy, consisting of 78 % bisphenol A and 10-12 % of butylglycidyl ether. Japan Epoxy Grade 828, (JER828 or Epikote 828), on the other hand, is high temperature curable epoxy, produced from bisphenol A and epichlorohydrin. Curing agents were added to the epoxy monomer liquid prior to electrospinning. Selected organic solvents were added to dissolve and reduce the viscosities of the epoxy monomer fluids and also as a mean to improve the electrical properties of the solution. Solvents used for Epomount Grade 27-771 and JER 828 are acetone and methyl(ethyl)ketone (MEK) respectively. For the room temperature cured epoxy resin (Epomount Grade 27-771), the epoxy solution was prepared by mixing the monomer fluid, hardener followed by acetone, in the ratio 10:1:2. The mixing proportion for the monomer fluid and hardener was stated by the manufacturer. Curing for Epomount Grade 27-771 was performed for 24 hours at room temperature. Amine hardener, 4, 4-methylenebis(cyclo hexylamine) was used for JER 828. The hardener and epoxy liquid mixture were dissolved in MEK at 70 wt%. The condition used to cure the epoxy mixture was 80 ºC for 1 hr, followed by 150 ºC for 4 hours.
Coaxial Electrospinning setup
Coaxial electrospinning was performed with varying core and sheath feed rate. The basic components of the setup consist of two syringe pumps, a high power voltage supply and a coaxial spinneret. The coaxial spinneret was fabricated by MECC, Japan. Metal capillaries with two different inner diameters (IDs) of 0.8 mm and 0.2 mm had been used as the inner capillaries for the spinneret. Plastic luer fitting with ID of 2.5 mm was used as sheath capillary in this present work. Polymer solution feed rate for the sheath capillary, or the outer capillary, was fixed at 1 mL/hr, whereas variable core feed rate were used to supply epoxy solutions to the core capillary. Fig. 2 shows the nozzle of the modified spinneret used for the experiment. The core feed rate varied from 0.1 mL/hr to 1 mL/hr.
The experiments were performed using the electrospinning setup, NANON provided by MECC, Japan. Applied voltages range from 12 to 30 kV. Distance between spinneret and collector was kept at 150 mm. The counter electrode used to collect the fibers was a grounded flat metal plate. The fibers were collected on an aluminum foil placed above the metal plate.
Etching Processes
The coaxially electrospun composite fibers, after undergoing the respective curing processes, were soaked in a petri dish filled with hexafluoroisopropanol (HFIP) solvent for 24 hours to remove the polymer sheath material (PMMA or PA 66). In order to remove the uncured epoxy resin and confirm the presence of cross-linked structures, the fibers were subsequently immersed in a petri dish of acetone for another 24 hours.
Characterization Methods
Fiber morphologies were observed using the scanning electron microscope (SEM) and field emission scanning electron microscope (FESEM. Fiber diameters and sizes were measured using image visualization software ImageJ 1.34s. Perkin Elmer Spectrum GX was used for performed FTIR evaluation based ATR mode.
Results and Discussion
Coaxial electrospinning was performed using polyamide 66 (PA 66) solution as the sheath fluid and the room temperature curable epoxy solution (Epomount Grade 27-771) as the core. As the epoxy resin is room temperature curable, no additional efforts was used to control the condition of curing. SEM micrograph in Fig. 3(a) shows the morphology of the coaxially electrospun bicomponent epoxy/PA 66 fibers. The micrograph in Fig. 3(b) shows the fibers after being etched by HFIP and acetone. The average fiber diameter of the fibers prior to etching was measured to be 2.20 ± 0.58 µm, average diameter was reduced to about 1.7 ± 0.27 µm, after the two etching processes. Fiber lengths were observed to be more than 200 µm. In comparison to one-dimensional structures obtained by templating using nanoporous template, structures of similar dimension in length, may not be achievable [15] .
PA 66 dissolved in formic acid was selected as the sheath solution for the fabrication process, based on its immiscibility with core solvent, acetone. Importance of using immiscible core/sheath fluids to obtain core/sheath structure has been highlighted by Li et al [6, 7] [11] . The authors also proposed that the evaporation of the core solvent arises from the solvent's diffusion into the sheath and in this case, it may be useful to consider the interaction between the polymer sheath and core solvent. Previous attempts to coaxial electrospin epoxy fluid with sheath solution of PMMA dissolved in chloroform and DMAc resulted in only limited number of fibrillar structures being observed on the substrate after the etching processes. The SEM micrographs in Fig. 4 show the porous fibrillar structures obtained from coaxial electrospinning room temperature cured epoxy monomer fluid with PMMA. The image was obtained after the fibers had been subjected to etching processes. One explanation for the development of the porous structures may be related to the issue of miscibility between the core and sheath solvents used in the coaxial electrospinning process. Unlike the solvents used for the preparation of PA66 sheath fluid, the solvents used to dissolve PMMA are chloroform and DMAc, both of which exhibit relatively high miscibility with core solvent, acetone. The Hildebrand solubility parameter (SP) values for chloroform and DMAc are 1.0 and 22.1 (MPa) 1/2 respectively. The miscibility between the core and sheath solvents may have encouraged the occurrence of diffusive processes at the core-sheath boundary, causing the boundary to be less distinct, as represented by the rough and porous fibrillar surfaces seen in Fig. 3 . In addition, it may be useful to recognize that PMMA is different from PA66, in the fact that PMMA is soluble in core solvent acetone. This implies that PMMA solution will mix readily with core solvent acetone, a characteristic which encourages inter-diffusion of the fluids to take place at the core and sheath boundary. As PA 66 polymer sheath is able to sustain high temperature reaction processes, high temperature curable epoxy, JER828 was used as the core fluid. For this part of the experiment, the coaxially electrospun bicomponent fibers were cured at elevated temperature of 80 ºC for 1 hr, followed by 150 ºC for 4 hours. After curing, the fibers were immersed and etched by HFIP and acetone, in the sequence as mentioned. Fig. 5 shows the morphologies of the high temperature cured epoxy JER828/PA 66 core/sheath coaxially electrospun fibers after the two step etching processes. Average fiber diameter of the etched fibers was about 2.30 ± 0.7 µm. Fig. 6 shows the FTIR spectra (ATR mode) for PA 66/ JER828 coaxial electrospun fibers, before and after the etching processes. The penetration depth of the IR beam is 5 µm and the thickness of the fiber mat used for the evaluation is estimated to be more than 8 µm. The vibrational band, N-H wagging, is assigned to 1540 cm -1 . From the Fig. 6(a) , it can be seen that the absorbance intensity at 1540 cm -1 decreased significantly after the etching process was carried out. This can be attributed to the effectively removal of PA 66 from the fabricated material. The residing intensity may be due to the use of amine hardeners during the curing process. The bands, 830 cm -1 and 1037 cm -1 have been assigned to the vibrations of the oxirane and hydroxyl groups of the epoxy resin. Fig. 6 (b) indicated a significant increase in intensities at these bands after the fibers were subjected to etching processes. The difference in intensity for the hydroxyl group vibration may be due to the ineffectiveness of the IR beam to penetrate into the epoxy core of the coaxially electrospun fibers. Removal of the polymer sheath via etching enabled the detection of the hydroxyl groups and this observation may provide facile evidence that core-sheath structure was present within the coaxially electrospun fibers.
Conclusion
This work has successfully demonstrated the feasibility of performing polymerization processes within coaxially electrospun structures. Epoxy and epoxy/PA 66 core/sheath composite fibers have been successfully fabricated using the designed method. The rigid sheath layer of the coaxially electrospun structure acted as template for the epoxy liquid to polymerize into one dimensional structures. Based on the results obtained from this study, it can be seen that a potential lies in the use of coaxially electrospun core/ sheath structure to perform simple chemical reactions within confined volume, as well as the exploitation of its interior channel to template and synthesize long continuous one dimensional nanostructure from monomers and precursors. Future work will focus the modification of the coaxial electrospinning system to obtain fine or nano-sized core structures which may be comparable to the alumina templates used for fabrication of short nanostructures. 
